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Abstract

A method for synthesis of nickel nanoparticles in a magnetic nickel phthalocyanine anions matrix has been developed. 

The method is based on intercalation of potassium atoms to the nickel phthalocyanine (NiPc) polycrystalline powder at 

300°C. The structure of (K2NiPc) was investigated by using high-resolution transmission electron microscopy 

(HRTEM), X-ray diffraction (XRD) and X-ray absorption fine structure (XAFS) spectroscopes. Magnetic properties 

were studied by SQUID magnetometry and magnetic resonances methods. It is revealed that the resultant compound 

contains of 1 wt% Ni nanoparticles with the average size of 15 nm. The measured values of the magnetization and 

absorption of the ferromagnetic resonance considerably exceed the magnetism which can be attributed to metallic Ni 

nanoparticles. The obtained results indicate the presence of room temperature molecular ferromagnetism caused by 

anionic molecules of NiPc.  

Keywords: nickel nanoparticles, phthalocyanine matrix, molecular magnetism, magnetic resonances and magnetic properties, HRTEM, 
XRD and XAFS study

1. Introduction

Nanosized magnetic nanoparticles such as Fe, Co, Ni stabilized in metal-phthalocyanine (MPc) matrices 

are attracting attention because of their potential applications in optoelectronic devices organic 

semiconductors devices, etc [1-4]. Due to their strong absorption in the near infrared (NIR) region and 
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exceptional photophysical efficiencies, phthalocyanines are very promising agents for photodynamic therapy 

[5]. Recently, thin films of phthalocyanines doped with electrons attract a great interest in molecular 

spintronics, as well as in strongly correlated electronic systems [6].

The formation of nickel nanoparticles in phthalocyanine matrix was studied in [7] synthesized by co-

deposition of metal and phthalocyanine vapors, but the obtained nanoparticles were oxidized after ten days 

exposition to air. Magnetic properties of metal-phthalocyanines doped with alkaline metals were investigated 

also earlier in papers [8-10]. It was shown that in some cases metal nanoparticles in MPc were formed 

depending on the doping conditions. However, the high concentrations of doping atoms did not allow to 

determine reliably the magnetic properties of the doped MPc matrix. Thus, the origin of the observed 

magnetic properties of the synthesized MPc samples doped with alkaline metals remains a challenging 

problem. 

In our previous work [11], single domain Ni nanoparticles in carbon matrix have been prepared using 

solid-phase pyrolysis of nickel phthalocyanine and investigated. In the present paper, a gas-phase doping of 

NiPc with potassium at 300 °С was performed (Sec. 2). The obtained sample (K2NiPc) demonstrates a room 

temperature ferromagnetism and is air stable. The structural characterization of this composite material was 

performed by the following methods: i) high resolution transmission electron microscopy (HRTEM) 

providing the real space images of the composites and X-ray diffraction (SI-XRD), which probes the long-

range atomic structure (Sec.3.1), ii) Ni K-edge X-ray absorption fine structures (XAFS), which is very 

sensitive to the details of the local atomic structure around the absorbing Ni atom (Sec.3.2). The application 

of these complementary techniques enabled to reveal the presence of Ni nanoparticles in the intercalated 

matrix of NiPc. Magnetic properties of the sample were studied by SQUID-magnetometry, ferromagnetic 

and electron spin resonance (FMR, ESR) methods (Sec.3.3). The results of this study allowed conclude that 

the exhibited strong magnetic properties of (K2NiPc) can be partly attributed to the formed Ni nanoparticles 

and partly – to the anionic molecules of NiPc formed under its doping with potassium.
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2. Experimental

Initial nickel phthalocyanine powder samples were synthesized by Linstead method using phthalonitrile 

and corresponding nickel salts [12]. The synthesis products were purified by washing in acid and alkaline 

media consequently. After that the samples were twice sublimed in vacuum at 500-550 °C.

Nickel nanoparticles were produced by intercalation of heated up to 300 °C potassium vapor in the 

polycrystalline powder of NiPc. This method of gas-phase doping of phthalocyanines has been described in 

detail previously [8-10]. 

It is expected that the doping by alkaline atoms of MPc molecules dissolved in tetrahydrofuran or other 

solvent will lead to the reduction of MPc molecules [13-17].  In that case the step-by-step reduction of 

mono-, di-, tri- and tetra-anions of MPc takes place according the following scheme:

MPc + ne- → (MPc)n‒,   n = 1, 2, 3, 4. (1)

The same scheme could be written for the process of doping of MPc in a solid phase:

MPc + xA → AxMPc,   0 < x < 4. (2)

However, the compounds obtained by the doping of monocrystals, polycrystals or thin films of MPc are 

significantly differ from the products of the liquid-phase synthesis. The main reason is that the  doping of 

MPc in the solution takes place only in (MPc)n- anions  with integer charge number n = 1, 2, 3, 4. In contrast, 

the doping of solid phthalocyanines can occur at fractional charges (n = 1.5, 2.5, etc). Varying the 

concentration of dopant x, it is possible to obtain new compounds with different structural, electric and 

magnetic properties. 

In the present work, the studied polycrystalline samples of NiPc where doped by potassium vapor 

resulting in KxNiPc sample according the scheme:

NiPc + x K ↔ (K+)x(NiPc)x-    (3)

where 0 < x < 3. In the most cases the doping is not homogeneous and in the regions of high dopant 

concentrations (x > 3) the NiPc molecules can be destroyed with production of nickel atoms, which are 

diffusing and forming the nickel nanoparticles. Fresh KxNiPc samples were annealed at 280 °C for 2 hours. 

After that the samples were washed with distilled water in order to remove the extra potassium atom. The 

elemental analysis performed by INCA-Energy 300 (Electron Dispersive Spectrometer) indicated that in the 
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resulted KxNiPc sample the concentration of potassium x varies from 1 to 3 in different parts of the same 

sample. The average value of x in the sample is about 2, hereafter the sample will be referred as (K2NiPc). It 

is important to mention that this sample is attracted by a weak permanent magnet. 

The structural studies were performed by TEM, XRD and XAFS methods. The TEM micrographs were 

obtained on a high resolution transmission electron microscope FEI Tecnai F20. 

The X-ray diffraction patterns of NiPc and (K2NiPc) samples were measured at the “Structural Materials 

Science” beamline of the Kurchatov Synchrotron Radiation Source (Moscow, Russia). The electron storage 

ring Siberia-2 were operated at electron energy of 2.5 GeV with mean electron current of 100 mA. The 

diffraction measurements were performed in the transmission mode at a wavelength of 1.072 Å using a 

FujiFilm ImagePlate 2D detector.  Ni K-edge XAFS spectra were measured at the same experimental station 

in the transmission mode utilizing a Si(111) channel-cut monochromator and two ionization chambers filled 

with appropriate N2-Ar mixtures to provide 20% and 80% absorption for I0 and It, respectively. The scanning 

steps were adjusted to δE ~ 0.3 eV and δk ~ 0.05 Å-1 in the XANES and EXAFS regions, respectively. The 

total acquisition time was about 30 min per spectrum. 

The magnetic measurements were performed using a Quantum Design MPMS-XL5 SQUID-

Magnetometer. The temperature was varied in a wide range from 7 to 300 K and the maximum available 

external magnetic field had value of 50000 Oe. Magnetic resonances spectra were measured in the same 

temperature range using X-band spectrometer JEOL-JES-PE-3X.

3. Results and discussion

3.1. TEM and STEM images, size distribution and XRD investigation

Figure 1(a) presents HRTEM image of (K2NiPc) sample, where the darker spots corresponds to the nickel 

nanoparticles. The Figure 1(b) illustrates the size distribution of nickel nanoparticles in (K2NiPc) sample, 

obtained by counting of 150 nanoparticles from several TEM-images. The solid line represents the fitting 

curve assuming a lognormal function, where the average size is 15 nm with standard deviation of ≈0.6. The 

ordinate axis is normalized to Nmax = 45. The presence of Ni nanoparticles in (K2NiPc) matrix was confirmed 
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by High Angular Annular Dark Field – Scanning TEM (HAADF-STEM) imaging technique combined with 

EDX spectroscopy. Fig. 1(c) shows the HAADF-STEM image of a (K2NiPc) sample. The areas with the 

bright contrast correspond to Ni nanoparticles as proved by EDX line scans (fig. 1(d)).

 Figure 2 presents synchrotron radiation XRD patterns of pure NiPc, (K2NiPc) and Ni-foil. Thе 

comparison shows that the two peaks in the region of large angles 2θ > 30° for the sample (K2NiPc) 

correspond to the reflexes (111) and (200) in fcc structure of Ni-foil [11, 18]. The lower angle peaks at 2θ < 

30° of pure NiPc can be found in a broadened form in the diffraction patterns of the doped sample. This 

means that the phthalocyanine matrix becomes progressively disordered upon doping which leads to the 

Fig. 1. TEM image of (K2NiPc) (a) and the histogram of particle size distribution evaluated from the 

several TEM images (b). HAADF-STEM images of (K2NiPc) sample (c) and EDX line-scan profile of 

characteristic X-ray Ni line as a function of electron probe position on the sample (d).
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broadening and further, to complete disappearance of low-angle diffraction peaks. Pure NiPc has no peaks 

corresponding to Ni metal bonds and hence XRD data indicate that Ni nanoparticles indeed emerge upon K 

doping. Figure 3 shows schematically the fragment of pristine NiPc (a) and the two most plausible structural 

elements (b, c) which are presented in (K2NiPc) according to TEM and XRD data.

Fig. 2. Normalized XRD profiles of (a) Ni foil (simulated), (b) (K2NiPc) (experimental) and (c) pure NiPc 

(experimental). X-ray wavelength is 1.072 Å. 

Fig.3. Schematic pictures of atomic structures of (a) the fragment of pure NiPc crystal, (b) single NiPc 

molecule and (c) Ni nanoparticle.
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3.2. XAFS results

Quantitative characterization of the doped NiPc sample was performed using Ni K-edge XAFS. The 

comparison of experimental X-ray absorption near edge structures (XANES) in (K2NiPc), pristine NiPc and 

in Ni foil shown in Figure 4, indicates the presence of NiPc molecules in the doped sample with no distinct 

evidences on the presence of Ni nanoparticles.

Fig. 4. Comparison of normalized experimental Ni K-edge XANES spectra in (a) Ni foil, (b) (K2NiPc) and 

(c) pure NiPc.

The presence of Ni nanoparticles in the doped NiPc is distinctly observed in Figure 5, which compares the 

Fourier transforms (FT) F(R) of oscillatory parts χ(k) of experimental Ni K-edge EXAFS in Ni-foil, 

(K2NiPc) and pristine NiPc. This figure shows that |F(R)| of (K2NiPc) contains the peak corresponding to Ni-

Ni interaction with interatomic distance RNi-Ni close to that in the Ni-foil, while the closest Ni-Ni distance in 

pristine NiPc [19] is 4.79 Å which is almost 2 times larger than the Ni-Ni bond length in Ni foil (2.49 Å) 

[20]. This difference permits to distinguish the contributions of photoelectron scattering in Ni-nanoparticles 

and in NiPc molecules. 

According to TEM and XRD data, the fit of F(R) for Ni K-edge EXAFS in (K2NiPc)  was performed 

using χ(k) determined by the following expression: 

χ(k) = C·χNi-nano(k)  + (1 – C)·χNiPc(k) (4)
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where χNi-nano(k) and χNiPc(k) are the contributions of Ni-nanoparticles and of NiPc molecules respectively; C 

– relative concentration of the absorbing Ni atoms, attributed to nanoparticles.

The distance between molecular layers in NiPc structure is about 3.5 Å (Figure 3 a) and, therefore, in the 

FT analysis of Ni K-EXAFS the structural model for the term χNiPc(k) in (4) included only one NiPc 

molecule. For pristine NiPc it was revealed [21] that to obtain agreement of theoretical F(R) with the 

experimental one in the extended R-range (up to ~ 5.5 Å) using kmin ~ 2.5 Å for FT of Ni K-EXAFS one 

needs to account for single-scattering (SS) paths on the three nearest shells of the absorbing Ni added with 

three approximately linear multiple scattering (MS) paths schematically illustrated in Figure 3b. Therefore, 

to retain the verification of the used structural models in the extended R-range and simultaneously, to 

simplify these models by reducing the effect of photoelectron MS processes on the determined values of first 

shell’s structural parameters, the fit by IFEFFIT code [22] was performed for F(R) obtained using FT of 

k2χ(k) over the k-range  4.5 ≤ k ≤ 11.5 Å-1, in the interval 1.0 < R < 3.5 Å.

To reveal the validity of the used scheme and to determine some nonstructural fit parameters, it was first 

applied to the processing of Ni K-EXAFS in the reference compounds Ni-foil and pristine NiPc (the last is 

one of the two basic components in eq. (4)). To decrease the number of variable parameters in the processing 

of Ni K-EXAFS in Ni-foil and in NiPc, the coordination numbers in the structural models for χNi-foil(k) and 

χNiPc(k) were set to their crystallographic values [19, 20]. The fit of F(R) for these compounds was performed 

using the structural models consisting of four shells of the absorbing Ni atom in Ni-foil and of three shells – 

in NiPc with the following parameters for each shell to be determined: Debye-Waller (DW) parameter σ2 and 

the shell’s radius R. Besides, the determined parameters for Ni-foil were: the reduction factor S0
2(Ni-foil), 

energy correction e0(Ni-foil)  and for NiPc: S0
2(NiPc), e0(NiPc) [23].  Figure 5 shows the comparison of FT 

magnitudes |F(R)| of experimental Ni K-EXAFS with the fit results for Ni-foil and pristine NiPc and the 

corresponding structural parameters of the first shell of the absorbing Ni derived from EXAFS are presented 

in Table 1. These structural parameters are in agreement with the available XRD data. The obtained values 

of the DW parameters are typical for the room temperature values [24] and the values of nonstructural 

parameters S0
2(Ni-foil), S0

2(NiPc) are within their physical boundaries  0.5 ≤ S0
2 ≤ 1.0. 

The results for Ni-foil and pristine NiPc enabled to perform structural analysis of (K2NiPc) using eq.(4) 
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for the processing of Ni K-EXAFS and the values of nonstructural parameters obtained for these reference 

samples. The term χNi-nano(k) in (4) included the contribution of the first shell with varied parameters NNi-Ni, 

RNi-Ni, σ2
Ni-Ni. The term χNiPc(k) in (4) included contributions of the first three shells of the absorbing Ni atom 

with the variable parameters for each shell: R and σ2. The number N of atoms in each shell was fixed to its 

value in pristine NiPc according to XRD data which show the presence of NiPc molecules in the doped 

(K2NiPc). Concentration C was varied as the global parameter. The comparison of |F(R)| of experimental Ni 

K-EXAFS in (K2NiPc) with the result of the fit obtained by the described scheme based on eq.(4) is 

presented in Figure 5. Corresponding structural parameters of the first shells of the absorbing Ni in 

nanoparticles and in NiPc molecules derived from EXAFS are presented in Table 1.

Fig. 5.Comparison of FT magnitudes |F(R)| of experimental Ni K-EXAFS (solid curves) with the fit results 

(dashed curves) for: (a) Ni foil, (b) (K2NiPc) and (c) pure NiPc.

The data of Table 1 show that the changes in Ni-N bond-lengths between KxNiPc and NiPc are within 

error bars. Besides, for (K2NiPc) the obtained values of DW parameters σ2 for the first shell of Ni both in Ni 

nanoparticle and in NiPc molecules are reasonable for the room temperatures [24], which indicates that the 

used structural model based on eq.(4) takes into account the main types of local environment of the 

absorbing Ni atoms in this material. These results show that atomic structure of NiPc molecules is not 

changed significantly by doping with potassium. Nevertheless the electronic structure of NiPc could change. 

Another valuable result is that concentration C of Ni atoms, attributed to Ni nanoparticles in doped NiPc, is 
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~10 % so that the ratio NiPc:Ni is 90:10 ≈ 10:1, which is of two orders higher than for NiPc coated 

nanoparticles reported in [7].

Table 1. First shell structural parameters of the absorbing Ni atoms in Ni foil, (K2NiPc) and NiPc derived 

from Ni K-EXAFS. The values in brackets are the reference data for Ni foil [20] and NiPc [19].

NiPc contribution  Ni metal contribution
Sample C, %

RNi-N, Å σ2
Ni-N, Å2 RNi-Ni, Å σ2

Ni-Ni, Å2

Ni foil 100 – 2.49 
(2.49)

0.0062

K2NiPc 10 1.89 0.0052 2.48 0.0061

NiPc 0
1.90 

(1.90) 
0.0050 – 

3.3. Magnetic measurements 

Here we first investigate the magnetic properties from the analyses of spectra of ferromagnetic 

resonance (FMR) and electron paramagnetic resonance (EPR). Figs. 6 and 7 demonstrate the first-derivative 

FMR and EPR spectra of (K2NiPc) sample recorded at 8‒285 K temperature range. In fact, the spectrum of 

the magnetic resonance at 285 K, consists of two lines: broad with the g-factor, g ≈ 2.15 and narrow line 

with g = 2. The temperature behaviour of broad FMR signal in (K2NiPc) sample is typical to single domain 

ferromagnetic and superparamagnetic nanoparticles [30‒33]. The FMR spectra shift toward g ≈ 4, are 

broadened and diminished in intensity under decreasing of temperature from room to the helium 

temperatures.   

For comparison Fig. 6 shows also FMR spectrum of Ni nanoparticles in carbon matrix at room 

temperature (300 K). The average diameter of Ni nanoparticles in Ni/C nanocomposite is equal to 17 nm, 

which is approximately equal to the sizes of nickel nanoparticles in (K2NiPc). However, the width of the 

signal of FMR spectra in (K2NiPc) samples is significantly broader than in Ni/C. The comparison of the 

FMR spectra of (K2NiPc) and Ni/C suggests that the FMR in (K2NiPc) is caused not only by nickel 

nanoparticles, but also by anionic NiPc molecules. 
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          Besides the broad FMR signal in (K2NiPc), there are also "narrow" signals at g ≈ 2 (see Fig.6 and 

Fig.7).  The amplitude and width of  “narrow” signal of the electron paramagnetic absorption increases under 

decreasing the temperature from the room up to the helium temperatures. At low temperatures we resolve the 

two signals with line widths ΔHpp ≈ 100 Oe and 15 Oe. The most interesting peculiarity of the "narrow" 

signal is the fact that the temperature dependence of its integral intensity strongly deviates from the Curie 

behaviour: it sharply increases as temperature decreases. The ratio of the signal I(8K)/I(280K) ≈150 is 

significantly different from the Curie ratio - 285/8 ≈ 35. We assume that magnetic absorption at g ≈ 2 due to 

the matrix, namely by π- electrons of the anionic NiPc molecules. 

Fig.6. The spectra of magnetic resonance of (K2NiPc) at temperatures of 285, 125, 75 and 8 K, and Ni/C 

nanocomposite at 293 K. 

Fig.7. The ESR spectra of (K2NiPc) sample at temperatures of 285, 125, 75, 45, 25 and 8 K. 

It should be taken into account that the doping is inhomogeneous. Therefore, this results in formation 

not only of ferromagnetic domains due to exchange interactions between π-electrons of the anions of NiPc 

molecules. As a result of inhomogeneous doping, the part of the NiPc molecules remain in the diamagnetic 

state, while there arise also some paramagnetic centres and paramagnetic clusters consisting of molecular 

anions of NiPc. Under decreasing of temperature, the number of paramagnetic states and, possible, the sizes 
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of the clusters increase, leading to the formation of high – spin states.  Apparently, high-spin states as well as 

orbital paramagnetism of π-electrons determines the observed a significant paramagnetism in (K2NiPc) 

samples at low temperatures. In Fig. 6 at half field the absorption peak, caused by prohibited +1↔-1 

transitions in triplet anions NiPc (possessing the spin S = 1) is observed at T = 8K.  

Fig.8. Mtotal / mNi (NPs) vs. H in sample (K2NiPc) measured at 7 K and 300 K, and the specific magnetization of 

nickel nanoparticles in Ni/C nanocomposites: I vs. H at T = 10 and 300K. 

Fig.9. The hysteresis loops in sample (K2NiPc) at 7 and 300K and in Ni/C nanocomposites at T = 10 and 

300K. 

Magnetization measurements using SQUID-magnetometer confirmed the presence of ferromagnetism 

and paramagnetism caused by the NiPc anion molecules. The total magnetic moment - Mtotal measured by 

SQUID magnetometer is a sum of ferromagnetic magnetic moments from of nickel nanoparticles and 

molecular NiPc anions and paramagnetic moment of the NiPc anions:

(5)𝑀𝑡𝑜𝑡𝑎𝑙(𝐻,𝑇) = 𝑀 𝐹𝑀
𝑁𝑖(𝑁𝑃𝑠)(𝐻,𝑇) + 𝑀 𝐹𝑀

𝑁𝑖𝑃𝑐(𝑚𝑜𝑙)(𝐻,𝑇) + 𝜒 𝑃𝑀
𝑁𝑖𝑃𝑐(𝑚𝑜𝑙)𝐻

Fig. 8 represents the dependence of Mtotal /mNi (NPs) on H at T= 7 and 300K, where mNi (NPs) is the mass of 

Ni nanoparticles in the sample. From the XAFS results, it follows that 10% of nickel in sample represents 

nanoparticles of Ni: in the mass ratio it is 1wt% of the mass of NiPc sample. Fig. 8 shows also comparison of 

the results for the specific magnetization of metallic nickel nanoparticles INi(NPs) in the nanocomposites Ni/C 
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having the same sizes that nanoparticles of the Ni in (K2NiPc). Fig. 9 shows loops of magnetic hysteresis in 

(K2NiPc) measured at 7 K and 300 K. These curves also sum of hysteresis loops from nanoparticles and 

from molecular matrices. Fig. 9 also shows for comparison the hysteresis loops in nanocomposites Ni/C at T 

= 10 and 300K. The analysis of results in Fig. 8 and Fig. 9 lead to the following two main conclusions:  

• The magnetic moment in samples (K2NiPc) is substantially larger than the magnetic moment of the 

metal Ni nanoparticles in these samples. The room-temperature ferromagnetism in (K2NiPc) conditioned 

by the Ni metal nanoparticles as well as anionic NiPc molecules. However, it is difficult to get the 

specific magnetization of anionic NiPc molecules - , since we do not know the fraction (amount) of 𝐼 𝑚𝑜𝑙
𝑁𝑖𝑃𝑐

molecular anions of nickel in these ferromagnetic domains. 

• At the helium temperatures, besides the ferromagnetism of metal Ni nanoparticles and anionic NiPc 

molecules, the giant paramagnetism was detected whose contribution to the total magnetization at H = 

45 kOe comparable and even more than ferromagnetic one. This paramagnetism strongly depends on the 

temperature and practically disappear at the room temperature by analogy with the "narrow" signal in 

the EPR measurements. Obviously, this paramagnetism results due to the presence NiPc anions and 

clusters of molecular NiPc anions. 

    
 

Fig.10. M vs. H in Ni/C at temperatures 10, 20, 30, 40, 50, 100, 200 and 300K 
Fig.11. ZFC / FC susceptibility curves in (K2NiPc) and Ni/C at 100 Oe and 200 Oe. 
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Because of wide distribution of nanoparticles in (K2NiPc) it is necessary to consider the effect of 

superparamagnetic nanoparticles at SQUID measurements. It is impossible to exclude effect of 

superparamagnetism from anionic NiPc molecules also. Figure 10 provides the dependences of M vs. H at 

different temperatures in Ni/C samples. It is apparent that at low magnetic field (<1000 Oe), under the 

decreasing temperature the magnetization increases drastically since it is accompanied with the transition of 

superparamagnetic nanoparticles to blocked ferromagnetic state. The magnetization increase ≈ 6 emu/g and 

it is approximately equal to increase of the magnetization in (K2NiPc) (see Figs. 8 and 9). Fig.11 introduces 

ZFC/FC susceptibility curves in (K2NiPc) and Ni/C at magnetic fields 100 Oe and 200 Oe. For nanoparticles 

nickel in Ni/C, this figure confirms the presence of broad size distribution having the average blocking 

temperature equal to 110K. From this figure, it is also seen that contribution of superparamagnetism in the 

(K2NiPc) sample is insignificant. 

 
Fig.12. Scheme of valence molecular orbitals of NiPc anions at x=1.5 (a), x=2 (b), x=2.5 (c), and             

fragment of one-dimensional band structure of NiPc (d).  

 

In order to understand the magnetism of molecular NiPc anions, we consider energy levels of the NiPc 

molecules [25]. Fig. 12 demonstrates scheme of valence molecular orbitals of adjacent NiPc anions at = 1.5; 

2 and 2.5; and the fragment of NiPc band structure [26, 27]. The schemes a) and b) are very similar to the 

valence band metal nickel (3d94s1). In the case of (K2NiPc) the π-electrons play a role of conduction 

electrons. In reality, optimally doped MPc samples reveal metallic conductivity [28]. In the scheme c), 

corresponding to π1–π2, the mechanism of double exchange is also essential in analogy with inorganic 

magnetic dimers (d1–d2) [29]. The delocalization of an “extra” electron between adjacent molecular anions 

leads to their ferromagnetic ordering. It should be noted that stabilization of the ferromagnetic state due to 
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the double exchange is much stronger than the Heisenberg stabilization [29, 8, 10]. 

Conclusion 

The technique of intercalation of potassium vapours into polycrystalline powders of NiPc at relatively 

low temperatures (~300°C) was developed. HRTEM analysis showed that in (K2NiPc) samples the metallic 

nanoparticles are formed with a mean diameter of ~ 15 nm. Comparison of XRD patterns in pristine NiPc, 

(K2NiPc) and nickel foil showed the presence of nickel nanoparticles with fcc structure in the inner region of 

particle and the disordering in mutual orientation of different NiPc molecules under the preserved structure 

of each molecule. Atomic concentration of Ni nanoparticles in (K2NiPc) matrix obtained from EXAFS data 

is 10%. FMR spectroscopy showed that total ferromagnetic absorption is composed not only by Ni 

nanoparticles but there is a significant contribution from the doped molecular matrix of NiPc. At helium 

temperatures, along with the observed ferromagnetic resonance of metal Ni nanoparticles and anion NiPc 

molecule, at g = 2 we observed also the giant paramagnetism with drastic decrease of intensity with the 

temperature. EPR signal at g = 2, apparently is determined by NiPc anions and clusters of molecular NiPc 

anions. Magnetization measurements using SQUID-magnetometer also confirm that the room-temperature 

ferromagnetism in the samples (K2NiPc) is determined by the nickel nanoparticles and contribution of matrix 

caused by the anions of NiPc molecules. 
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Highlights 

A method of K atoms intercalation into nickel phthalocyanine (NiPc) matrix was implemented.

Formation of Ni nanoparticles and a magnetic nickel phthalocyanine anions matrix has been 

developed.

Structure, morphology and magnetic properties of K2NiPc sample were investigated.



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT


